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The  Multi-Lens  Array  Architecture. 


Danh  Luu 
AFRL/SNHA 

Abstract:  As  communication  and  radar  systems  migrate  toward  wider  bandwidths,  the 
quantization  lobes  inherent  in  conventional  phased  array  systems  manifest  as  one  of  the 
foremost  challenges  for  array  designers  who  must  consider  not  only  the  need  for  a  large 
and  inexpensive  array  with  wideband  requirements  but  also  practical  issues,  such  as  the 
ease  of  transporting  and  realizing  such  an  array.  Large  phased  arrays  based  on 
conventional  subarray  architecture,  with  time  delays  at  the  subarray  level,  exhibit  very 
high  quantization  lobes  when  scanned  over  a  wide  bandwidth.  This  paper  describes  a 
multi-lens  (ML)  array  architecture  that  is  suitable  for  very  large  arrays  with  wideband 
(bandwidth  to  center  frequency  ratio  greater  than  0.2)  scanning  requirements.  In  addition 
to  having  low  quantization  lobes,  the  ML  array  architecture  is  modular,  scalable,  and 
compact  in  volume.  The  proposed  architecture  approximates  the  ideal  gradient  time  delay 
network  with  a  combination  of  time  delays  at  the  subarray  level,  time  delays  of  Rotman 
lenses,  and  small  phase  shifts.  The  basic  idea  behind  the  ML  architecture  is  to  concatenate 
multiple  modified  Rotman  lenses  together  to  form  a  large  array  with  non-periodic  phase 
settings  across  the  large  array  to  lessen  the  accumulation  of  quantization  lobes  at  any 
specific  angle. 


1.  INTRODUCTION 

A.  Quantization  Lobes  of  Phased  Array  Systems. 

Although  wide-angle,  high  bandwidth,  electronic  scanning  arrays  are  highly  desirable,  the 
present  cost  to  build  large  arrays  with  such  capabilities  is  prohibitive,  since  a  time  delay  unit  is 
required  behind  each  element  of  an  ideal  wideband  array.  Subarraying  to  reduce  the  number  of 
time  delay  units  (and  receivers)  is  a  conventional  approach  to  cut  cost  in  a  narrowband  system. 
However,  as  we  increase  the  bandwidth,  the  performance  of  the  conventional  subarray 
architecture  degrades  catastrophically  due  to  the  rising  quantization  (grating)  lobes  that  have 
buried  themselves  beneath  the  sidelobes  in  the  narrowband  system  but  rise  rapidly  with 
increasing  bandwidth.  While  we  cannot  live  with  these  undesirable  quantization  lobes,  we 
cannot  live  without  them  since  they  are  natural  companions  of  the  various  periodic  aspects  of  the 
array,  which  enable  us  not  only  to  reduce  the  fabrication  cost  and  complexity  of  the  array  but 
also  to  simplify  the  array’s  analysis  and  controls. 

B.  Motivation  behind  the  Multi-Lens  (ML)  architecture. 

Under  ideal  assumptions  (isotropic  radiators,  7J2  spacing,  uniform  illumination,  etc.),  the  far 
field  antenna  pattern  is  the  Fourier  transform  of  the  aperture  distribution  across  the  surface  of  the 
array.  The  applied  phase  settings  of  the  conventional  subarray  can  be  decomposed  into  two 
terms:  the  ideal  phase  term  and  the  phase  error  term, 
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where 


AF{&)  =  =  Y^eJn^) e-jpn e-jE„  * 

n= 0  n= 0 

«„  =  A  +E„, 

A,  =  ra;rsin(#0). 


(1) 


En  is  the  phase  errors  at  the  nth  elements,  pn  is  the  ideal  phase  settings  for  scanning  to  0o,  and  an 
is  the  applied  phase. 

From  the  modulation  property  of  the  Fourier  transform  and  with  exp(-jpn)  playing  the  role  of  the 
modulator,  another  way  to  compute  the  array  pattern  would  be  to  take  the  error  pattern, 
computed  from  the  phase  errors  exp(-jEn),  and  shift  it  to  0o. 

When  using  conventional  subarrays  with  narrowband  systems  (small  array  size  and  small 
bandwidth),  the  phase  errors  En  are  zero  or  nearly  zero,  and  so  the  array  pattern  is  simply  a 
broadside  beam  shifted  to  0o.  However,  when  using  a  conventional  subarray  in  a  system  with 
considerable  bandwidth,  the  phase  errors  are  not  all  zero  and  in  general  produce  a  plot  similar  to 
the  phase  errors  plot  shown  in  Figure  1 . 

Phase  Errors  At  the  Edge  Frequency  for  Conventional  Subarray  Architecture 
Num.  Subarray=32,  Subarray  Size=32,  Center  Freq.  =  10GHz,  Edge  Freq.=11GHz,  Scan  Angle=43.0° 
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Figure  1.  Phase  errors  and  the  array  patterns  corresponding  to  the  applied  phase.  The  phase 
errors  and  the  array  patterns  were  computed  at  the  edge  frequency  for  an  array  based  on  the 
conventional  subarray  architecture.  The  phase  errors  are  shown  for  the  first  160  elements  of  the 
array. 
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Unlike  the  zero  bandwidth  case,  the  error  pattern  of  the  edge  frequency  in  the  wideband  case  also 
has,  in  addition  to  the  main  beam  at  broadside,  quantization  lobes  due  to  the  periodic  phase 
errors,  En.  The  heights  of  these  quantization  lobes  are  generally  related  to  the  heights  (maximum 
value)  of  the  phase  errors  and  the  period  of  these  quantization  lobes  is  related  inversely  to  the 
period  of  the  phase  errors.  Since  the  phase  error  is  a  linear  function  of  sin(0o),  at  broadside  scan 
(0o  =  0)  the  phase  errors  are  zero  and  as  0o  increases  the  phase  error  also  increases. 

The  ML  array  architecture  to  be  discussed  reduces  the  quantization  lobes  by  reducing  the  phase 
scan  angle,  0o.  To  smear  out  the  grating  lobe,  the  phase  scan  angle  is  set  to  different  values  from 
subarray  to  subarray  so  that  looking  across  the  array,  the  phase  errors  are  non-periodic. 
Although  there  are  many  sources  of  phase  and  amplitude  errors  in  the  array  that  cause  sidelobes 
to  rise,  only  errors  from  phase  shifters  and  array  tapering  are  considered  in  this  paper. 

2.  A  SINGLE  LENS. 
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Figure  2.  An  illustration  of  a  subarray  of  the  Multi-Lens  architecture. 

A.  Details  of  a  Subarray. 

The  ML  array  architecture  consists  of  M  modified  Rotman  lenses  with  the  detail  of  each  lens,  or 
“subarray”,  shown  in  Figure  2  (the  array  is  assumed  to  be  used  for  receiving).  Connecting 
elements  of  the  array  to  the  ports  on  surface  2  are  cables  of  variable  lengths.  The  element 
spacing  on  surface  2  as  well  as  the  nth  cable  length,  Tn,  are  determined  by  three  design  equations 
derived  in  [4],  The  constraints  that  lead  to  these  design  equations  were  written  in  terms  of  the 
three  independent  parameters  in  the  lens:  xn,  yn  (the  coordinates  of  the  nth  element  on  surface  2) , 
and  Tn  (the  time  delay  of  the  nth  cable  that  connects  from  the  probe  at  (xn,  yn)  to  the 
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corresponding  element  in  the  linear  array  aperture).  Details  of  the  three  constraints  were 
discussed  in  [4]  and  can  be  summarized  as  follows:  a)  path  lengths  of  the  rays  tracing  from  the 
incoming  planar  wave-front  arriving  at  some  angle  0m  to  the  focal  point  Pa  on  surface  1  are 
equal,  i.e.,  a  requirement  of  having  a  perfect  focus  at  point  Pa;  b)  perfect  focus  at  Po;  and  c) 
perfect  focus  at  point  P.a.  Although  feed  points  along  surface  1  between  P.a  and  Pa  are  imperfect 
foci,  path  length  errors  associated  with  these  foci  are  small  and  insignificant  compared  to  other 
sources  of  error  in  the  array.  Path  length  error  is  the  difference  between  the  maximum  and  the 
minimum  lengths  of  the  rays  tracing  from  the  incoming  planar  wavefront  to  a  point  on  surface  1 . 


Lens  Contours 

Length  =  16.0X,  Focal  Length=11.52x,  Designed  Foci  =  ±42.0° 
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Figure  3.  An  illustration  of  the  surfaces  of  a  Rotman  lens  with  length  16?.  and  foci  at  a  =  0°  and 
a  =  ±42°. 


Maximum  Path  Length  Errors 
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Figure  4.  Path  length  errors  for  the  foci  on  surface  1  of  the  lens  in  Figure  3. 

For  example,  the  two  surfaces  of  a  Rotman  lens,  designed  with  length  16a  and  foci  at  0  and  a  = 
±42°  are  shown  in  Figure  3.  The  path  length  errors,  shown  in  Figure  4,  at  the  designed  foci  are 
zero  as  expected  whereas  the  path  length  errors  at  other  points  on  surface  1  are  small  and  can  be 
considered  as  zero. 

In  the  ML  architecture  to  reduce  the  cost  and  complexity  of  the  subarray,  elements  on  surface  1 
can  be  spaced  sparsely  at  8  degree  intervals.  Hence  the  phase  shifters  are  used  to  focus  any 
incoming  beam  between  ±a  to  the  center  of  an  element  on  surface  1  as  illustrated  in  Figure  5. 
Although  one  will  attempt  to  set  8  to  be  as  large  as  possible  to  reduce  the  number  of  elements 
on  surface  1 ,  if  5  is  set  too  large,  phase  shifters  will  be  required  to  scan  to  wide  angles,  which 
will  cause  beam  squint  at  the  subarray  level,  and  elevated  grating  lobes  at  the  array  level.  The 
strategy  used  in  this  paper  is  to  initially  choose  such  that  the  beam  squint  at  the  edge 
frequency  is  less  than  half  of  the  3dB  beamwidth  of  the  subarray.  After  8  is  determined,  the 
array  pattern  is  computed  and  the  maximum  grating  lobe  is  compared  against  the  desired  level  to 
determine  whether  8  needs  to  be  decreased. 
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Figure  5.  Phase  scanning  (focusing)  a  beam  to  the  closest  element  on  surface  1. 

B.  Computing  the  Far  Field  Subarray  Pattern  of  a  Single  Lens 

Suppose  that  the  elements  in  the  subarray  lens  are  isotropic  radiators  and  that  a  planar  wavefront 
impinges  on  the  array  at  0in.  Assuming  that  the  entire  extent  of  surface  1  are  in  perfect  focus,  the 
received  signal  of  the  element  located  at  point  Pe  on  surface  1  is, 


y(t,0)  =  Yjs(t 

n=  0 


■rn+wn)e 


~  J ^  phase 


(2) 


where 

 nd  sin(0irt ) 
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w„  =  ■ 


nd  sin(t?) 


nd  sin(#0) 


"  phase 


rf=i=^- 

2  2/rf 


s(t)  is  the  wavefront  that  impinges  on  the  array,  d  is  the  distance  between  elements  of  the  array,  c 
is  the  speed  of  light,  0o  is  the  phase  scan  angle,  TphaSe  is  the  phase  scan,  and  fo  is  the  center 
frequency. 


Taking  the  Fourier  transform  of  y(t,  0)  with  respect  to  time,  t,  yields 


where 


Y(f£)  =  |X/> 

n= 0 


j27tf(-Tn+wn)  -j2nf0Tphase 


=  S(f)H(f), 


H(f,  6)  = 


sin(N^/2) 

- e 

sin(//2) 


(3) 


and  <P  =  —  (/  sin  6  -  f  sin  0in  -  f0  sin  8() ). 

J  d 

S(f)  is  the  Fourier  transform  of  s(t)  and  has  spectral  content  from  fiow  to  fhigh,  N  is  the  number  of 
elements  on  surface  2,  and /is  frequency. 


The  received  power  at  point  Pe  can  be  computed  using  Eq.  3, 


SAF(<9)  =  1 1  Y(f  ,6)  |2  df 

flow 


(4) 


If  s(t)  is  an  ideal  wideband  signal,  such  that 


S(f)  -  1 ,  flow  ^  f  ^  fhigh 

S(f)  =  0,  otherwise 
Eq.  4  simplifies  to, 


fhigh 


fhigh 

.  f 

sin(A/>/2) 

J 

fkm 

sin(y?/2) 

df, 


(5) 


which  is  the  subarray  power  pattern  that  has  a  peak  when  (p  =  0  and  f  =  fo.  For  an  incoming 
wavefront  incident  at  0in,  with  phase  shifters  set  to  scan  to  0o,  the  peak  of  the  subarray  pattern 
occurs  whenever, 
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or 


f(sin#  -  sin  0in )  -  /0  sin  0Q  =  0 


(6) 


6 Peak  =  arcsin(sin  0O  +  sin  0m ) 

For  a  wavefront  arriving  at  0;n  and  subarray  phase  setting  set  to  scan  to  Go,  the  peak  of  the 
focused  beam  on  surface  1  is  at  Pepeak-  Eq.  6  computes  the  required  phase  setting  to  focus  an 
incoming  beam  to  a  specified  location,  Pepeak,  on  surface  1 . 

3.  MULTIPLE  LENSES. 
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Figure  6.  Block  diagram  of  the  Multi-Lens  architecture. 

The  multi-lens  (ML)  array  proposed  in  this  paper  consists  of  M  subarray  lenses  placed  adjacent 
to  each  other  as  shown  in  Figure  6.  In  the  receive  case,  an  incoming  planar  wavefront  impinging 
on  the  array  will  be  focused  to  an  element  on  surface  1 .  RF  switch  is  used  to  connect  the  output 
of  the  element  at  the  focal  point  to  the  input  of  the  receiver.  After  the  analog  to  digital 


10 


conversion  stage,  the  digital  signal  is  weighed  and  time  delayed  using  any  of  the  techniques 
discussed  in  references  [6]  and  [7]. 

A.  Scattering  Between  Adjacent  Lenses. 

It  is  assumed  that  scattering  between  adjacent  lenses  is  negligible  in  the  receive  case.  To  see 
why  this  assumption  is  valid,  consider  the  lens  in  Figure  3  and  suppose  that  there  is  a  wavefront 
arriving  at  broadside.  As  seen  in  Figure  7,  the  separation  angle,  y,  between  the  two  broadside 
focal  points  of  two  adjacent  lenses  is  48.1°.  The  energy  that  radiates  from  subarray  1  to  subarray 
2  is  the  sidelobe  at  y  =  48.1°.  It  will  be  assumed  that  this  energy  is  negligible  as  compared  to  the 
energy  of  the  mainlobe.  Although  only  a  broadside  case  is  considered  here,  the  separation  angles 
for  other  scan  values  are  as  wide  as  in  the  broadside  case. 


16  k 


focused  point 
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Figure  7.  The  separation  angle  y  between  two  focal  points  of  two  adjacent  lenses. 

B.  Computing  the  Array  Pattern  of  the  Multi-Lens  Architecture. 

The  ML  array  is  steered  using  a  combination  of  phase  shifters  and  time  delays.  At  the  subarray 
level  phase  shifters  are  located  between  the  lenses  and  the  subarray  apertures.  Time  delay  units 
at  the  array  level  are  located  at  the  focal  contour  of  each  lens.  As  shown  in  Figure  6,  the  outputs 
of  the  M  subarrays  are  summed,  and  the  individual  subarray’s  outputs  ym(t)  are  time  delayed  by 
xm,  then  weighed  with  wm.  The  time  delay  xm  steers  the  subarray  pattern  to  direction  0m,  while 
the  weights  wm  are  used  to  lower  the  array’s  sidelobes  to  a  desired  level.  The  quantization  lobe 
is  not  affected  by  wm.  The  output  signal  after  summing  the  M  subarrays  is, 


M-i 

Z({’  6 in  )=YjWmym(t  +  Tm-Lm  )> 

m=  0 


(7) 


where 


D  =  Nd, 
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_  mDsmjdJ 

m  c 

_  mD  sin(6>„) 
m  C 

Lm  is  the  difference  in  time  delay  between  phase  centers  of  subarray,  xm  is  the  digital  time  delay, 
and  D  is  the  distance  between  subarray. 

Unless  indicated  otherwise,  the  set  of  digital  weights,  wm,  have  been  selected  to  produce  a  -32  dB 
Chebyshev  window. 

Taking  the  Fourier  transform  of  z(t,0in)  with  respect  to  t  we  have, 


M- 1 


Z(S»J= 

m= 0 

Eq.  3,  expressed  in  terms  of  the  scan  angle  of  the  mth  subarray,  is  given  as 


h  (f,em) 


sin(N^„/2) 
sin(^m/2)  ’ 


(8) 


(9) 


where 

Vm  =  ~J~  (/  Sin  ^  ~  f  Sin  0in  ~  fo  Sil1  ^  )• 

Jd 

0m  is  the  location  of  the  focal  element  on  surface  1  of  the  mth  subarray  and  d'("  is 
the  phase  scan  angle  at  the  mth  subarray. 

Substituting  Eq.  9  into  Eq.  8  we  have, 

M- 1 

=  S(/>X>, Mf.e.  )el2^’--L-)  (10) 

m= 0 


Suppose  that  s(t)  is  an  ideal  wideband  signal  such  that 


S(f)  =  1 ,  flow  <  f  <  fhigh 

S(f)  =  0,  otherwise 

The  wideband  array  power  pattern,  AF(0in),  can  be  computed  by  integrating  Eq.  10  over  the 
desired  frequency  range, 
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AF(0,J  =  J/'*‘|Z(/A)f 

*  J low 

M- 1 


fhigh 


YjWmH(f’dJej 


=0 


df 


=j"g(f,^)df, 

•'Tlnw 


where  g(f,#,„ )  = 


low 

M-l 


2>„»(/ak 


j2nf{Tm-Lm) 


m= 0 


(11) 


There  is  no  closed  form  solution  for  Eq.  11.  However,  since  g(f)  varies  slowly  with  respect  to/ 
numerical  integration  using  Simpson’s  1/3  Rule  is  a  convenient  method  to  evaluate  Eq.  11.  It 
can  be  shown  the  result  can  be  expressed  as, 

f  h  2K 

af(0„  )  =  f  “  g(f,  e„  )df »  -  2  itg(ft ,  e„  >,  (12) 

low  J  k=o 

where, 

h  =  f,-f0, 

lk  =[1,4,2, 4,2,. ..,4,1] 

and  the  fk  are  2K+1  equally  spaced  frequency  points  between  fiow  and  f|llgh. 

The  wideband  array  patterns  in  Section  4  were  computed  using  Eq.  12  with  33  frequency  points. 
In  narrowband  system,  Eq.  12  will  produce  the  same  array  pattern  as  the  classical  phased  array 
pattern.  However,  unlike  the  classical  array  pattern,  which  computes  the  power  for  a  single 
frequency,  Eq.  12  computes  the  power  of  the  signal  s(t)  at  a  given  angle  0in.  So  all  frequencies  in 
s(t)  contribute  to  the  quantization  lobe  of  the  wideband  power  pattern. 

4.  EXAMPLES 

The  examples  below  demonstrate  the  wideband  scanning  feature  of  the  ML  array  architecture. 
Although  one  would  not  normally  use  a  conventional  subarray  for  wideband  scanning,  the 
examples  shown  in  Section  4A  illustrate  the  severity  of  the  quantization  lobes  associated  with 
phase  scanning  in  a  large  wideband  conventional  subarray. 

A.  Conventional  Subarray 

The  array  pattern  for  an  array  of  1024-elements  based  on  the  conventional  subarray  architecture 
is  shown  in  Figure  8  at  43°  scan.  In  this  case,  phase  shifters  are  located  behind  each  element, 
time  delay  units  are  located  behind  each  of  the  32  subarrays.  The  array  in  section  4A,  4B  and  4C 
have  an  operating  bandwidth  of  2  GHz  centered  at  10  GHz  and  are  assumed  to  have  uniform 
tapering  and  ideal  phase  shifters  with  infinite  accuracy.  As  expected,  the  peak  quantization  lobe 
is  approximately  5  dB  down  from  the  main  beam.  The  power  pattern  of  the  conventional 
subarray  was  computed  using  Eq.  1 1  with  6™  =  43°  for  all  subarrays. 
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Power  Pattern  for  a  Conventional  Subarray  With  32  Subarrays  Each  With  32  Elements 


ScanAngle  =  43°,  Operating  Freq.  =  9  to  11  GHz 


Figure  8.  Wideband  array  pattern  for  an  array  of  32  subarrays,  each  with  32  elements,  using  a 
contiguous  subarray  architecture.  The  scan  angle  is  43°  over  a  2  GHz  bandwidth,  at  a  center 
frequency  of  10  GHz. 

B.  An  Array  Based  on  Multi-Lens  Array  Architecture 

The  ML  array  architecture  lowers  quantization  lobes  by  reducing  and  randomizing  phase  errors 
across  the  array.  In  addition  to  exhibiting  low  grating  lobes,  the  ML  architecture  consists  of  M 
distinct  and  detachable  subarray  sections,  which  are  modular  and  fairly  compact  in  depth.  For 
example,  a  1024-element  ML  array  with  32  subarrays  has  a  focal  length  of  32*(a/2)*0.72  = 
11.52L,  whereas  an  equivalent  Rotman  lens,  would  have  a  focal  length  of  1 024*(A72)*0.72  = 
368. 64L,  which  is  physically  impractical. 

In  the  cases  shown  in  Figure  9,  the  ML  array  has  32  subarray  lenses,  each  with  32  elements 
equally  spaced  (d  =  A/2).  The  operating  parameters  are  the  same  as  in  Section  4A.  The  desired 
sidelobe  level  is  -29  dB  for  all  scan  angles  between  ±45°.  To  achieve  this  low  sidelobe  level, 
elements  on  surface  1  of  each  subarray  are  placed  at  ±42,  ±28,  ±14  and  0  degrees  so  that  phase 
shifters  scan  the  beam  to  a  maximum  value  of  8  =  14°.  In  most  cases,  the  phase  scan  angle  will 
be  less  than  8/2  =  7°.  The  grating  lobe  level  in  the  ML  array  increases  or  decreases  with 
increases  or  decreases  in  the  distance  8  between  adjacent  elements  on  surface  1. 

Unlike  the  conventional  subarray  architecture,  where  the  maximum  grating  lobe  occurs  at  the 
highest  scan  angle,  the  peak  grating  lobes  in  the  ML  architecture  generally  occur  when  the 
incoming  planar  wavefront  is  focused  to  a  point  Pe  that  is  in  between  any  two  elements  on 
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surface  1.  For  the  current  example,  these  points  are  ±7,  ±21,  and  ±35  degrees.  Suppose  that  the 
incoming  wavefront  is  focused  by  the  subarray  lens  to  point  P350  as  shown  in  Figure  5.  Using 
phase  shifters,  we  have  the  option  to  scan  the  beam  either  to  the  element  located  at  P42°  (right 
scan)  or  to  the  element  located  at  P28°  (left  scan).  To  make  the  phase  errors  non-periodic  across 
the  array  which  smears  out  the  grating  lobes,  the  decision  to  scan  to  the  left  or  to  scan  to  the  right 
at  each  subarary  is  based  on  a  randomly  chosen  binary  string  of  length  M.  Details  of  a  simple 
scheme  that  chooses  the  “random  sequence”  shown  in  Figure  9a  are  discussed  in  Appendix  A. 
In  this  scheme,  a  ‘O’  in  the  mth  position  represents  a  left  scan  at  subarray  m  and  a  ‘  1’  represents  a 
right  scan.  With  random  scanning,  the  peak  grating  lobe  at  35°  scan  is  about  -30.2dB,  which  is 
significantly  lower  than  the  -24.6  dB  peak  grating  lobe  that  occurs  in  the  non-random  scanning 
case  (not  shown)  with  random  sequence  =  “00. .  .0”. 

Figure  9c  shows  the  case  where  random  scanning  cannot  be  used.  When  the  incoming  beam  is 
focused  to  point  P45S  there  is  only  one  element  next  to  the  focal  point  and  the  only  possible  scan 
angle  is  the  left  scan  to  the  element  at  42°.  Although  the  peak  quantization  lobe  at  -32.7  dB  is 
not  smeared  out  in  this  case,  it  is  still  very  low  since  the  phase  scan  angle  is  only  3°. 

Array  pattern  of  1024-elements  array  (32  lenses)  based  on  the  ML  architecture. 

ScanAngle=35° ,  RandomSeque nce=001 1 1 0001 100111011011111 000001 01 . 


Figure  9a.  Wideband  array  pattern  of  a  1024-element  array  based  on  the  Multi-Lens 
architecture.  The  ML  array  consists  of  32  subarray  lenses  which  are  scanned  to  different  angles 
over  a  2  GHz  bandwidth  centered  at  10  GHz.  The  scan  angles  (0  =  35°,  7°,  and  45°)  were  chosen 
to  illustrate  the  worst  cases  quantization  lobe  level. 
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ScanAngle=7°,  RandomSequence=1 01 0001 10111 001 01 00001 1111110111. 


Figure  9b.  Wideband  array  pattern  for  7°  degree  scan. 
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ScanAngle=45°,  RandomSequence=00000000000000000000000000000000. 


Figure  9c.  Wideband  array  pattern  for  45°  degree  scan.  Random  sequence  equal  to  “00. .  .0” 
means  left  scan  at  all  subarrays. 


C.  Increasing  the  Size  of  an  ML  Array 

Because  the  ML  array  architecture  is  scalable,  an  existing  array  can  be  enlarged  by  adding  more 
lenses  to  the  array,  which  suggests  that  the  ML  array  architecture  may  be  practical  for  large 
space-borne  array  systems.  In  addition  to  increasing  the  array’s  size,  adding  more  subarray 
lenses  will  also  lower  the  peak  grating  lobes  due  to  the  reduction  in  width  of  grating  lobes  and 
the  random  phase  scanning  scheme,  which  smears  out  the  grating  lobes  more  evenly.  To 
demonstrate  this  aspect  of  the  ML  architecture,  the  number  of  subarrays  in  Section  4B  is  doubled 
from  32  to  64.  Even  though  the  size  of  the  array  is  increased  from  512>.  to  1024a,  the  depth  of 
the  array  remains  unchanged  at  1 1 .5  A, .  As  with  convention  subarray  architecture,  the  reduction 
in  height  of  the  peak  grating  lobe  occurs  with  increasing  numbers  of  subarrays.  However,  in  the 
ML  architecture,  the  combination  of  smeared  grating  lobes  that  result  from  random  phase 
scanning,  and  narrowed  grating  lobe  widths,  yield  significantly  better  array  patterns  as  shown  in 
Figure  10. 
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Array  pattern  of  2048-elements  array  (64  lenses)  based  on  the  ML  architecture. 
RandomSeque  nce=1 1 1 1 00001 1101010011111111 0000000001 10100001001 100011110101010100. 


Figure  10a.  Wideband  array  pattern  of  a  2048-element  array  based  on  the  Multi-Lens 
architecture.  The  ML  array  consists  of  64  subarray  lenses  which  are  scanned  to  different  angles 
over  a  2  GHz  bandwidth  centered  at  10  GHz. 

Array  pattern  of  2048-elements  array  (64  lenses)  based  on  the  ML  architecture. 

RandomSeque  nce=0000000000000000000000000000000000000000000000000000000000000000. 


Figure  10b.  Wideband  array  pattern  for  45°  scan. 

D.  Phase  Quantization  and  Subarray  Tapering. 

In  practice,  there  will  be  some  amplitude  tapering  across  the  subarray.  In  addition,  phase  shifters 
generate  only  a  finite  number  of  discrete  phase  states.  Using  4-bits  phase  shifters  instead  of  ideal 


18 


phase  shifters  in  the  ML  array  of  Section  4B,  causes  the  maximum  grating  lobe  to  rise  by  only  a 
fraction  of  a  dB.  Although  phase  quantization  does  not  have  a  significant  effect  on  the 
maximum  grating  lobe  level,  subarray  tapering  will  cause  grating  lobes  to  rise  modestly  with 
respect  to  the  phase  quantization  case,  especially  in  situations  where  random  scanning  cannot  be 
used. 

It  is  widely  known  that  the  significant  effect  of  adding  cosine  tapering  to  a  subarray  is  a 
widening  of  the  subarray’s  beam  width  while  its  sidelobes  are  lowered.  The  elevated  grating 
lobes  in  a  tapered  subarray  system  are  caused  by  the  shifts  of  the  subarray  pattern  nulls  away 
from  the  ideal  locations  where  the  grating  lobes  appear.  Because  of  this  misalignment,  the 
subarray  nulls  are  only  able  to  partially  suppress  grating  lobes.  With  greater  shifting  of  the 
subarray  pattern  nulls,  more  misalignments  occur  and  even  higher  grating  lobe  result. 

At  35°  scan,  the  peak  side  lobe  level  of  the  cosine  tapered  array  is  about  2.7  dB  higher  than  the 
peak  sidelobe  of  the  non-tapered  array  pattern,  as  shown  in  Figure  11a.  The  general  sidelobes  of 
the  tapered  array,  however,  are  slightly  lower  than  the  sidelobes  of  the  non-tapered  array.  The 
weights  that  were  applied  to  the  tapered  array  were  computed  from 

Cn  =  COS(Xn), 

where 

Xn  =  -35,  -(35  +  70/31),  -(35  +  140/31),  ...,  35  degree. 

cn  is  the  weight  for  the  nth  element  of  the  subarray. 

The  same  random  sequence,  optimized  for  the  non-tapered  case,  was  used  for  both  the  tapered 
and  non-tapered  array.  When  optimized  random  sequences  were  used  with  both  the  tapered  and 
non-tapered  arrays,  the  peak  quantization  lobes  in  the  two  cases  are  about  the  same.  However, 
without  random  scanning,  the  quantization  lobes  of  the  tapered  array,  shown  in  Figure  1  lb,  are 
much  higher  than  those  of  the  non-tapered  array.  This  example  demonstrates  another  feature  of 
the  ML  architecture  with  random  scanning,  which  is  not  only  able  to  smear  out  grating  lobes  due 
to  periodic  phase  error  but  also  due  to  periodic  amplitude  error.  The  amplitude  error  in  this 
example  is  the  difference  between  the  ideal  uniform  taper  and  the  cosine  taper. 
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Array  pattern  of  1024-elements  array  (32  lenses)  based  on  the  ML  architecture. 


ScanAngle=35° ,  RandomSeque  nce=001 1 1 0001 100111011011111 000001 01 . 


Figure  11a.  The  wideband  array  patterns  of  an  array  based  on  the  ML  architecture  for  35°  scan. 
The  solid  line  corresponds  to  the  ML  array  with  uniform  tapering  across  each  subarray  and  the 
dashed  line  corresponds  to  the  ML  array  with  tapered  subarrays. 


Array  pattern  of  1024-elements  array  (32  lenses)  based  on  the  ML  architecture. 
ScanAngle=45°,  RandomSequence=00000000000000000000000000000000. 


Figure  1  lb.  Wideband  array  pattern  for  45°  scan. 


5.  CONCLUSION 


20 


The  proposed  Multi-Lens  array  architecture  is  modular,  scalable  and  is  ideally  suited  for  very 
large  arrays  with  wideband  scanning  requirements.  Using  ideal  assumptions,  (isotropic  radiator, 
perfect  Rotman  lenses)  it  was  shown  that  the  quantization  lobes  of  the  ML  array  are  much  lower 
than  the  quantization  lobes  of  a  conventional  subarray  architecture  since  the  ML  array 
approximates  an  ideal  time  delay  network  having  time  delays  at  the  subarray  level,  analog  time 
delays  in  the  Rotman  lenses,  and  small  phase  approximations  from  phase  shifters.  Not  only  are 
the  phase  errors  of  the  ML  array  much  smaller  than  the  phase  errors  of  the  conventional 
subarray,  they  are  also  non-periodic,  which  cause  the  grating  lobes  to  be  smeared  out.  To 
completely  remove  the  phase  errors  in  the  ML  architecture  and  to  perhaps  simplify  the  ML 
design,  elements  on  surface  1  should  be  spaced  closely  such  that  phase  scanning  is  not  required. 
Although  phase  shifters  can  be  removed  from  the  ML  architecture  in  this  case,  the  complexity  of 
the  RF  switching  network  must  be  increased  to  accommodate  for  the  increasing  number  of 
elements  on  surface  1 . 

Examples  that  take  into  account  phase  quantization  and  amplitude  tapering  were  considered. 
While  phase  quantization  does  not  have  a  significant  effect  on  the  array  pattern,  the  rising 
quantization  lobe  due  to  amplitude  tapering  can  be  smeared  out  using  an  optimized  random 
sequence.  Not  all  practical  aspects  of  the  multi-lens  array  architecture  were  considered.  Among 
the  important  and  practical  details  that  were  omitted  are  the  locations  for  amplifiers  (LNA)  and 
the  process  for  choosing  the  size  of  array  and  the  size  of  the  lens.  Costs  will  dictate  the  locations 
and  number  of  LNAs  and  desired  gain,  array’s  size  and  volume  constraint  will  be  used  by  array 
designers  to  choose  size  and  the  number  of  the  lens  in  the  array. 

6.  APPENDIX 


A.  Choosing  a  Random  Sequence. 

For  the  ML  array  in  Section  4B  with  N  =  32  subarrays,  an  exhausted  search  for  the  optimum 
random  sequence  requires  the  evaluation  of  2N  scanning  sequences.  For  large  N,  it  is  not 
practical  to  find  the  peak  sidelobes  for  all  2N  different  phase  scan  configurations  and  then  select 
the  optimum  scan  sequence  that  has  the  lowest  sidelobe.  Instead,  a  more  tractable  approach  is  to 
consider  only  a  small  subset  of  the  2N  scan  sequences.  A  distribution  of  the  peak  sidelobes  of  the 
2n  scanning  sequences  is  first  estimated  to  find  out  the  size,  K,  of  this  subset  and  how  the  lowest 
sidelobe  from  the  K  randomly  chosen  sequences  compared  with  the  sidelobe  of  the  globally 
optimum  scan  sequence.  The  histogram  shown  in  Figure  12  for  the  array  in  section  4B  is 
computed  from  4200  randomly  generated  scanning  sequences  with  the  probability  of  “left”  scan 
equal  to  the  probability  of  “right”  scan  at  each  subarray. 
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Histogram  of  Peak  Sidelobes  of  4200  Randomly  Generated  Scanning  Sequences 

(ScanAngle  =  35°) 
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Figure  12.  Histogram  of  the  peak  sidelobes  of  the  ML  array  in  Section  4B  computed  from  4200 
random  scanning  sequences. 

From  the  histogram,  the  probability  of  getting  a  random  scan  sequence  with  sidelobes  level 
below  -3 1  dB  is  very  small.  However,  it  is  possible  to  obtain  a  sequence  with  sidelobes  below  - 
30  dB  with  relatively  few  trials.  The  number  of  trials  that  will  be  required  can  be  determined  by 
first  estimating  the  probability,  Ps,  of  a  sequence  with  sidelobes  below  -30  dB.  From  the  4200 
randomly  generated  sequences,  a  total  of  264  scanning  sequences  exist  which  have  sidelobes 
below  -30  dB.  The  rough  estimate  of  Ps  is  264/4200  =  0.0629  (99%  margin  error  =  ±2%)  and  the 
estimated  probability  of  having  sidelobes  greater  than  -30  dB  is, 


Pf=  1  -Ps  =  0.937. 


Assuming  that  the  probability  of  success,  Ps,  is  known,  the  number  of  trials,  K,  required  to 
guarantee  a  desired  probability,  Pd,  of  having  at  least  one  success  or  having  at  least  one  scanning 
sequence  with  sidelobes  below  -30  dB  must  be  determined.  For  independent  trials  and  Pd  =  0.99, 
K  can  be  computed  from 


0.99  =  1-  PfK 


For  Pf  =  0.937,  there  is  a  99%  chance  that  from  the  K  =  71  randomly  generated  sequence  that  at 
least  one  random  scanning  sequence  will  have  peak  sidelobe  below  -30  dB. 

B.  Choosing  Random  Sequences  For  a  Range  of  Scan  Angles. 
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Peak  Sidelobes  for  4  Scanning  Sequences  For  Use  at  Different  Scan  Angle 
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Figure  13.  Peak  sidelobes  of  an  ML  array  scanned  to  different  angles  using  a  random  sequence 
that  was  designed  for  any  specific  angle. 

Although  a  random  scanning  sequence  is  chosen  for  a  specific  scan  angle,  it  can  be  used  for  scan 
angles  that  are  near  the  optimized  angle.  For  example,  in  Figure  13,  the  scan  sequence 
(“SeqScan35”)  which  was  chosen  for  a  35°  scan  can  be  used  for  scan  angles  ranging  from  31°  to 
35°  and  the  resulting  sidelobe  level  will  still  be  below  -30  dB.  Two  pre-computed  random 
sequences  are  needed  to  cover  28  to  42  degrees  scan  for  the  array  in  Section  4B  since  different 
scan  regions  require  different  random  sequences.  SeqScan35  is  used  for  32  to  35  degrees 
scanning  and  SeqScan39  is  used  for  36  to  40  degree  scanning.  For  scan  angles  ranging  from  28 
to  3 1  degrees,  a  left  scan  to  the  element  at  28°  is  used  at  each  subarray  and  a  right  scan  to  the 
element  at  42°  is  always  used  for  scan  angle  from  40  to  42  degrees. 


-  SeqZero  :  00000000000000000000000000000000 

SeqOne  : 11111111111111111111111111111111 

-  SeqScan35: 00111 0001 100111011011111 000001 01 

SeqScan39: 1 1 01 1 1 01 1 1 001 00000000001 01 1 0001 0 
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